Glioblastoma (GBM) is a highly heterogeneous type of tumor characterized by genomic and signaling abnormalities affecting pathways involved in control of cell fate, including tumor-suppressor-and growth factorregulated pathways. An aberrant miRNA expression has been observed in GBM, being associated with impaired cellular functions resulting in malignant transformation, proliferation and invasion. Here, we demonstrate for the first time that platelet-derived growth factor-B (PDGF-B), a potent angiogenic growth factor involved in GBM development and progression, promotes downregulation of pro-oncogenic (miR-21) and anti-oncogenic (miR-128) miRNAs, as well as upregulation/downregulation of several miRNAs involved in GBM pathology. Retrovirally mediated overexpression of PDGF-B in U87 human GBM cells or their prolonged exposure, as well as that of F98 rat glioma cells to this ligand, resulted in decreased miR-21 and miR-128 levels, which was associated with increased cell proliferation. Furthermore, siRNA-mediated PDGF-B silencing led to increased levels of miR-21 and miR-128, while miRNA modulation through overexpression of miR-21 did not alter the levels of PDGF-B. Finally, we demonstrate that modulation of tumor suppressors PTEN and p53 in U87 cells does not affect the decrease in miR-21 levels associated with PDGF-B overexpression. Overall, our findings suggest that, besides its role in inducing GBM tumorigenesis, PDGF-B may enhance tumor proliferation by modulating the expression of oncomiRs and tumor suppressor miRNAs in U87 human GBM cells.
INTRODUCTION
The human glioblastoma (GBM) represents the most common and lethal type of glioma (1) . Despite recent improvement in imaging and surgical techniques, allowing more accurate diagnosis and treatment, current therapeutic options for GBM lack effective long-term impact on disease control and patient survival, and clinical recurrence is nearly universal (2, 3) . This clearly emphasizes the need for new and effective therapeutic strategies, as well as a better understanding of the molecular and cellular alterations that occur in GBM.
The discovery of miRNAs, a new class of small noncoding RNAs that regulate gene expression, has revealed an additional level of fine tuning of the genome. MiRNAs have been found to regulate post-transcriptionally the expression of over 30% of protein-coding genes (4) through imperfect pairing with the target mRNAs (5, 6) , and bioinformatic data indicate that each miRNA can control hundreds of gene targets, underscoring the potential influence of miRNAs in almost every genetic pathway (4, 7) . Accumulated evidence has shown that miRNA dysregulation is associated with cancer development and progression (8 -10) , including GBM pathogenesis (11) (12) (13) . Studies by Holland and colleagues showed that miR-26a is amplified in high-grade gliomas and facilitates gliomagenesis in vivo (14) . Godlewski et al. demonstrated that expression of miR-128, a highly downregulated * To whom correspondence should be addressed at: Department of Life Sciences, University of Coimbra, Apartado 3046, Coimbra 3001-401, Portugal. Tel: +351 239104397; Fax: +351 239855789; Email: mdelima@ci.uc.pt miRNA in GBM, reduced significantly glioma cell proliferation in vitro and glioma xenograft growth in vivo (15) . Nevertheless, the causes of the widespread disruption of miRNA expression in cancer cells are not completely understood and, most probably, various abnormalities in each tumor could contribute to the global miRNA-expression profile (16) .
Relevant molecular alterations that govern GBM progression have already been identified, including mutation/deletion of p53 and PTEN and amplification/overexpression of the epidermal growth factor receptor (EGFR) (17, 18) . The plateletderived growth factor (PDGF), a vast family of angiogenic growth factors, has also been proposed to play a role in GBM development and progression. Alterations in PDGF signaling, including overexpression of PDGF-A and B ligands or their receptors (PDGFR-a and -b), are commonly observed in high-grade gliomas (19) (20) (21) ; in vitro studies have also shown that PDGF directly stimulates the migration and proliferation of glial progenitors (22, 23) . Moreover, retrovirally mediated expression of PDGF-B in adult white matter, subventricular zone and brainstem progenitors induces tumors that closely resemble human GBM (24) (25) (26) (27) , thus emphasizing the importance of PDGF signaling in brain tumors.
Emerging evidence suggested that PDGF signaling modulates miRNAs in several biological processes. Davis et al. demonstrated that miR-221 is transcriptionally induced upon PDGF treatment in primary vascular smooth muscle cells (vSMC), leading to downregulation of the targets c-Kit and p27 Kip1 and consequent induction of cell proliferation (28) . Recent studies identified a group of miRNAs whose expression is altered shortly after PDGF stimulation and revealed that the EGFR expression and function are repressed by PDGF-induced miR-146b (29) . Here, we demonstrate that PDGF-B overexpression modulates miRNA expression in human U87 GBM cells. Prolonged exposure of human and rat GBM cells to PDGF-B promotes miR-21 and miR-128 downregulation, this effect being specific for this ligand (PDGF-B), as concluded from the observation of increased levels of these miRNAs upon siRNA-mediated PDGF-B silencing. On the other hand, transient miR-21 overexpression does not significantly affect PDGF-B mRNA levels. Moreover, we demonstrate that PDGF-B-related miR-21 downregulation is not affected by the modulation of tumor suppressors PTEN and p53.
RESULTS

MiR-21 and miR-221 are significantly downregulated in U87 cells overexpressing PDGF-B
We have recently demonstrated that the pro-oncogenic miR-21 is overexpressed and the anti-oncogenic miR-128 is highly downregulated in several human GBM, which was corroborated by the analysis of miRNA-expression data in 200 human GBM samples from The Cancer Genome Atlas (30) (P. Costa, A. Cardoso, L. Pereira de Almeida, J. Bruce, P. Canoll, M. Pedroso de Lima, manuscript in preparation). Similarly, significant miR-21 overexpression and miR-128 downregulation were observed in the widely used U87 human GBM cell line ( Figure 1A and B).
Although a large number of in vitro and in vivo studies have demonstrated that PDGF-B is an important mediator in GBM development and progression (27, 31, 32) , its influence on miRNA expression in tumor cells remains to be clarified. In order to address the potential involvement of PDGF-B in miRNA expression in GBM, we measured the expression levels of miR-128, miR-21 and miR-221 in retrovirally modified U87 cells overexpressing PDGF-B (U87-PDGF), which were compared with those in control U87 cells transduced with a noncoding retroviral vector (no PDGF-B), or control epileptic tissue. Our results from quantitative real-time PCR (qPCR) experiments revealed that PDGF-B mRNA levels are significantly higher in U87-PDGF cells ( 10-fold) than in parental U87 cells ( Figure 1C , P , 0.001). Moreover, U87-PDGF cells displayed an altered morphology and increased proliferation rate, compared with parental U87 cells (Supplementary Material, Figure S1) . Surprisingly, miR-21 was significantly downregulated in U87-PDGF cells compared with parental U87 cells ( 58-fold decrease, P , 0.001) or control epileptic tissue, as shown in Figure 1A . Similarly, a considerable reduction in miR-21 staining, as assessed by FISH, was observed in cultured U87-PDGF cells ( Figure 1F ) when compared with control U87 cells ( Figure 1D ), thus supporting our findings of miR-21 downregulation in U87 cells overexpressing PDGF-B. As shown in Supplementary Material, Figure S2A , no miR-21 staining was detected in control P19 cells, which express low levels of this miRNA. Our observation of miR-221 downregulation in U87-PDGF cells compared with parental U87 cells suggests that PDGF-B-related miRNA downregulation is not miR-21 specific ( Figure 1B ). On the other hand, the robust downregulation of miR-128 in parental U87 cells was slightly reduced in U87-PDGF cells ( Figure 1B ).
Culturing U87 human and F98 rat glioma cells in PDGF-B-enriched medium promotes downregulation of miR-21 and miR-128 expression levels
In order to mimic the autocrine production of PDGF-B by U87-PDGF cells, parental U87 cells were grown in medium supplemented with PDGF-B (30 ng/ml) for 60 days and miR-128, miR-21 and miR-221 levels were subsequently assessed. As shown in Figure 1 , miR-21 ( Figure 1A ) and miR-221 ( Figure 1B ) levels were significantly reduced in U87 cells under these conditions, when compared with those observed when the cells were maintained in PDGF-B-depleted medium or control epileptic tissue (P , 0.001), whereas miR-128 levels were not considerably changed ( Figure 1B) . Furthermore, the decrease in miR-21 and miR-221 expression levels was clearly time-dependent, a significant reduction in the miR-21 and miR-221 levels being observed when culturing cells in PDGF-B for long periods of time ( Figure 1H and I) .
Interestingly, when PDGF-B-enriched medium was replaced by normal culture medium and cells were grown for 1 week, a slight recovery in miR-21 and miR-221 levels was observed ( Figure 1H and I, P , 0.05); this effect was further enhanced by culturing U87 cells in normal medium for 30 days (not shown), suggesting that PDGF-B-related miRNA modulation may constitute a reversible and timedependent mechanism affected by the presence of this ligand in the extracellular environment.
Human Molecular
Based on our results on miRNA downregulation promoted by PDGF-B in human GBM cells, we tried to clarify whether this effect would be cell-specific or could also be observed in glioma cells from a different origin. For this purpose, F98 rat glioma cells were cultured in medium supplemented with PDGF-B (30 or 50 ng/ml) for different periods of time and subsequently assessed for the effect on miR-128 and miR-21 expression levels, when compared with untreated Figure S2D -G). Images were obtained by confocal microscopy with a 40× EC Plan-Neofluar. Scale corresponds to 10 mm. (H) MiR-21, (I) miR-221 and (J) miR-128 expression levels after culturing parental U87 cells in medium supplemented with PDGF-B (30 ng/ml) for different time periods; 21 days + 1: cells cultured for 21 days in PDGF-B-enriched medium followed by 7 days of culture in normal medium (PDGF-B-depleted medium).
* P , 0.05, * * P , 0.01, * * * P , 0.001 compared with control epileptic tissue. Figure 2A , a considerable decrease in miR-21 (P , 0.001) and miR-128 levels (P . 0.05) was observed when the cells were cultured for 60 days in the medium containing 30 ng/ml PDGF-B, which was enhanced when the cells were further cultured for 30 days in 50 ng/ml PDGF-B. Similarly to what was observed for U87 cells, miR-21 and miR-128 expression levels did not change significantly upon culturing F98 cells in PDGF-B-enriched medium for short periods of time ( Figure 2B and C). A significant decrease in miR-21 levels (P , 0.05) was also observed in GL261 mouse glioma cells cultured for 30 days in medium containing 50 ng/ml PDGF-B ( Figure 2D ), when compared with untreated cells. Overall, our results suggest that PDGF-B promotes a timedependent downregulation of miRNAs in glioma cells.
SiRNA-mediated PDGF-B silencing increases miR-21 and miR-128 expression levels in U87-PDGF cells
As our results demonstrated that PDGF-B promotes the downregulation of miRNAs in human and rat glioma cells, we evaluated the effect of modulating the autocrine production of PDGF-B in U87-PDGF cells, via siRNA-mediated PDGF-B mRNA silencing, on miR-128 and miR-21 expression levels.
As shown in Figure 3A , cell transfection with a PDGF-B-specific siRNA sequence (50 nM) resulted in a pronounced, although not significant, decrease in PDGF-B mRNA levels, when compared with those obtained upon transfection with a noncoding siRNA sequence ( 28%, P . 0.05); no further decrease was observed when U87-PDGF cells were transfected with 100 nM siRNAs (data not shown). Nonetheless, miR-21 levels were significantly upregulated in U87-PDGF cells transfected with anti-PDGF-B siRNAs (10.33 + 0.73), compared with those transfected with a noncoding sequence (1.606 + 0.537, P , 0.01); although not significant, miR-128 upregulation was also observed under these conditions ( Figure 3B ). These results suggesting that PDGF-B mRNA knockdown in U87-PDGF cells induced the upregulation of miR-21 and miR-128 levels prompted us to test whether PDGF-B mRNA silencing in cells expressing lower levels of this growth factor would also promote such considerable miR-21 upregulation. As observed in Figure 3C , transfection of parental U87 cells with anti-PDGF-B siRNAs also resulted in PDGF-B mRNA downregulation, although no significant increase in miR-21 and miR-128 levels was observed, when compared with those obtained in cells transfected with a noncoding siRNA ( Figure 3D ). Based on our findings of the modulating effect of PDGF-B on miRNA expression in GBM cells and since miRNAs regulate gene expression post-transcriptionally through imperfect pairing with the 3 ′ UTR of their target mRNAs (4,33), we sought to identify possible interactions between miR-21/miR-128 and the PDGF-B mRNA. Although bioinformatic analysis using mirWalk (34) and other tools that predict miRNA targets has not revealed any conserved sites at 3 ′ UTR of the human PDGF-B mRNA for either of these miRNAs (Supplementary Material, Table S1 ), we examined whether a transient upregulation of miR-21 in human GBM cells would have any effect on PDGF-B mRNA expression and cell proliferation. As shown in Figure 3E , transfection of U87-PDGF cells with the plasmid pcDNA3.1-miR-21 resulted in a significant increase in miR-21 levels (10.18 + 3.12), when compared with those observed with the noncoding plasmid pCMV-PL (1.6 + 0.54, P , 0.01). An increase in miR-21 levels was also obtained upon transfection of U87 cells ( Figure 3G ), although such increase was not so pronounced, as these cells express higher basal levels of miR-21. As observed, in both the cell lines, miR-21 upregulation did not affect significantly the levels of PDGF-B mRNA ( Figure 3F and H). Moreover, no significant changes in viability were observed in U87-PDGF cells transfected with miR-21-coding pcDNA3.1-miR-21, when compared with that observed in cells transfected with control pCMV-PL, whereas a small, although significant, increase in viability was observed in U87 cells transfected with the same formulations ( 9%, P , 0.05) (Supplementary Material, Figure S3A ).
PDGF-B overexpression promotes the upregulation and downregulation of several miRNAs in U87 GBM cells
As our results demonstrated that PDGF-B-overexpression promotes ligand-specific downregulation of the pro-oncogenic miR-21 and the anti-oncogenic miR-128 in glioma cells, which was associated with increased cell proliferation (Supplementary Material, Fig. S1 ), we evaluated whether PDGF-B would modulate the expression of other miRNAs involved in GBM pathology that could contribute to a more tumorigenic phenotype. As shown in Figure 4 and Supplementary Material, Table S2 , several miRNAs, including the anti-oncogenic let-7b, miR-130a and miR-29b, were found to be downregulated in U87-PDGF cells, when compared with parental U87 cells, whereas the pro-oncogenic miR-17, miR-20a, miR-10b and the anti-oncogenic miR-101 were upregulated under the same conditions. Furthermore, miR-188-5p and miR-623, were considerably overexpressed in U87-PDGF cells, compared with control U87 cells. Although no role in GBM has been reported for these miRNAs, increased expression of miR-188 has been associated with enhanced cellular proliferation in ovarian cancer (35) .
PDGF-driven mouse tumor models overexpress miR-21
The observation of a reduction in the levels of the oncogenic miR-21 in U87-PDGF cells (compared with control epileptic tissue), as opposed to what has been published regarding the expression of this miRNA inGBM, prompted us to evaluate if such reduction would also be observed in a PDGF-driven animal model. In this regard, we have recently developed a retrovirally induced mouse GBM model characterized by the deletion of the tumor suppressors PTEN and p53 and overexpression of PDGF-B (PDGF + PTEN 2/2 p53 2/2 ), which displays molecular and histopathological features that closely resemble human GBM (36) . A similar GBM model with deleted PTEN and functional p53 (PDGF + PTEN 2/2 ) was also established and characterized. The expression levels of miR-128, miR-21 and miR-221 were measured by qPCR in primary cultures prepared from tumors of both the models and compared with those of control samples, obtained from doublefloxed (PTEN 2/2 p53 2/2 ) mouse brains following animal injection with a control vector (no PDGF). As shown in Figure 5 , miR-221 was overexpressed ( Figure 5A ) and miR-128 was highly downregulated ( Figure 5B ) in both primary cultures, without significant differences between double-floxed and PTEN-floxed samples. As opposed to what was observed in U87-PDGF cells, miR-21 was found to be highly and differentially overexpressed in both PDGF-driven primary cultures when compared with control, with an average-fold change of 592.3 + 35.14 in doublefloxed samples (P , 0.001) and 703.3 + 243.8 in PTENfloxed samples (P , 0.001) ( Figure 5C ). As U87-PDGF cells express wild-type PTEN and p53, we ascertained whether the status of these tumor suppressors could explain such considerable differences in miR-21 levels.
PTEN and p53 modulation does not significantly affect miR-21 levels in PDGF-B-overexpressing U87 cells
The modulation of tumor suppressors PTEN and p53 in U87-PDGF cells was achieved via siRNA-mediated PTEN silencing and/or pifithrin-a-mediated inhibition of p53.
As shown in Figure 5 , cell transfection with a PTENspecific siRNA sequence (50 nM) resulted in a small decrease in PTEN mRNA (0.90 + 0.164, Figure 5D ) and protein levels (0.802 + 0.181, Figure 5E and F), when compared with those obtained upon transfection with a noncoding siRNA sequence. A more pronounced decrease in both the mRNA (0.805 + 0.243, Figure 5D ) and protein levels (0.657 + 0.175, Figure 5E and F) (P , 0.05) was observed when U87-PDGF cells were transfected with 100 nM PTEN-specific siRNAs, resulting in a small, although not significant, decrease in miR-21-expression levels (0.77 + 0.45, Figure 5G) ; such effect was, nevertheless, proportional to the degree of siRNAmediated PTEN inhibition obtained. Modulation of p53 was achieved by using pifithrin-a, a specific DNA binding inhibitor of p53 transcriptional activity. Several studies performed in different cell types using pifithrin-a have not reported toxicity when the drug was applied at a range of concentrations up to 30 mM (37 -39). Similarly, no signs of toxicity were observed when U87-PDGF cells were treated with 10 mM of pifithrin-a, while a marked decrease in cell viability could be observed in cells treated with 30 mM or higher concentrations of the drug (Supplementary Material, Figure S3B ). In agreement with the results obtained in the above-mentioned PTEN-silencing experiments, miR-21 expression levels did not significantly
change in U87-PDGF cells exposed to 10 mM of pifithrin-a either per se (0.925 + 0.064) or in combination with siRNAmediated PTEN silencing (0.71 + 0.184), when compared with those obtained upon transfection with a PTEN-specific siRNAs without drug (0.77 + 0.45) ( Figure 5G ). These results suggest that PTEN and p53 modulation do not significantly affect the decrease in miR-21 levels associated with PDGF-B overexpression in U87 cells. However, the limited efficiency of siRNA-mediated PTEN silencing should be considered when analyzing these findings.
DISCUSSION
Several lines of evidence have shown that PDGF signaling plays an important role in the development and progression of high-grade gliomas (20, (25) (26) (27) . The results obtained in the present study show that PDGF modulates the expression of several oncomiRs and tumor-suppressor miRNAs in human GBM cells, which may constitute a mechanism for the enhancement of PDGF-driven GBM tumorigenesis. MiRNA dysregulation has shown to be an important hallmark in the oncogenic process. Different miRNA signatures distinguish normal and neoplastic tissues, as well as tumors of various differentiation states (40) ; alterations in miRNA signaling have also been associated with several aspects of carcinogenesis, including tumor invasion and metastasis and patient outcome (41) (42) (43) (44) . Nevertheless, the underlying mechanisms of miRNA dysregulation in human cancer are still partially unknown.
PDGF, a widely studied pro-oncogenic growth factor, has been shown to modulate cellular responses in different biological Figure 4 . QPCR quantification of 44 miRNAs in U87-PDGF cells, using pre-designed miRNA PCR plates. (A) Column graphic and (B) heatmap representation of the relative miRNA-expression levels in PDGF-B-overexpressing U87 cells (U87-PDGF), compared with parental U87 cells (n ¼ 3). The C t values were obtained for each sample (threshold ¼ 40 cycles) and normalized to references U6snRNA, snord44 and snord49A; the GeNorm module was used to determine the most stable reference gene (snord44). The relative miRNA-expression values were calculated using the qBase Plus software, and the statistical significance was assessed using one-way ANOVA combined with Benferroni's post-hoc test (Supplementary Material, Table S2 ). MiR-367 was not detected in both U87 and U87-PDGF cells and, therefore, is not represented in the chart.
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processes, including proliferation and migration of SMC and osteogenesis, through miRNA induction/repression (28, 45, 46) . Interestingly, PDGF has been recently shown to modulate EGFR expression and function in GBM and ovarian cancer cells by enhancing miR-146b expression (29) . Conversely, here we demonstrate that prolonged exposure of GBM cells to . Complexes, prepared as described in Materials and Methods, were added to the cells at a final concentration of 0.05 or 0.1 mM and the medium was replaced by fresh DMEM after 4 h. Twenty-four hours after transfection, cells were exposed to 10 mM pifithrin-a for a period of 24 h, which was followed by the extraction of RNA and protein. (12, 47, 48) , which is associated with tumor development and proliferation. Surprisingly, here we observed a significant reduction in miR-21 levels which may be associated with the increased cell proliferation and tumorigenic potential in PDGF-overexpressing U87 cells. In this regard, we tried to clarify two main questions, the first one being related to the ability of PDGF-B to modulate the expression of other miRNAs that, by balancing the effect of decreased miR-21 expression, would contribute to a more tumorigenic phenotype.
Interestingly, several members of the miR-106b family, a pro-oncogenic microRNA family with seed region homology that includes the oncogenic polycistrons miR-17-92 and miR-106-363 (49), were found to be modulated following PDGF-B exposure. Mir-17, miR-19b, miR-20a and miR-92a, encoded by the polycistronic miR-17-92 cluster, miR-106a and miR-106b, as well as miR-10b, were upregulated in U87-PDGF cells, compared with control U87 cells. The miR-17-92 cluster is frequently overexpressed in human cancers and functions pleiotropically during both normal development and malignant transformation to promote proliferation, increase angiogenesis and sustain cell survival (50-53); increased levels of miR-17 and miR-106b also were observed in GBM stem cell-containing CD133
+ cell populations and miR-17 inhibition reduced neurosphere formation and stimulated cell differentiation (54) . MiR-106a, erratically expressed in human GBM (55, 56) , is part of the miR-106-363 cluster, whose oncogenic potential has been demonstrated in leukemias and other cancer types (57) . Nevertheless, high levels of miR-17, miR-106a and miR-20a have been correlated with increased survival in glioma patients (55) . Studies by Gabriely et al. revealed that survival of GBM patients expressing high levels of miR-10 family members (miR-10a/b) is significantly reduced in comparison to patients with low miR-10 levels.
On the other hand, let-7b, miR-29b and miR-130a were downregulated following PDGF-B overexpression. Let-7b was shown to have an anti-tumorigenic effect on GBM cells as its expression reduced not only the in vitro proliferation and migration of GBM cells, but also the size of the tumors produced after transplantation into nude mice (58) . Similarly, by targeting podoplanin, a protein related to cellular invasion in astrocytic tumors, miR-29b was shown to inhibit invasion, apoptosis and proliferation of GBM. MiR-130a, expressed at low levels in lung cancer cell lines, was able to reduce TRAIL resistance in NSCLC cells through the c-Jun-mediated downregulation of miR-221 and miR-222 (59).
Based on the aforementioned evidence, it is reasonable to assume that PDGF-B drives U87-PDGF cells towards a more tumorigenic phenotype not by reducing miR-21 expression levels but by promoting the upregulation of several oncomiRs and downregulation of tumor-suppressor miRNAs. Nevertheless, the mechanisms by which PDGF-B regulates the expression of each miRNA remain unclear and their clarification will be crucial to understand why miR-21 needs to be downregulated in this tumorigenic phenotype.
It would be equally important to quantify the global miRNA levels in both U87 and U87-PDGF cells, as relevant studies have associated a reduction in global miRNA levels with increased tumorigenic potential (40, 60, 61) .
The second main question we addressed focused on the mechanisms by which PDGF-B promoted miR-21 downregulation in U87 cells. As opposed to human U87-PDGF cells, miR-21 was highly overexpressed in PDGF-driven, PTEN/ p53-null and PTEN-null mouse GBM cells. Considering that U87-PDGF cells express wild-type PTEN and p53, we transiently modulated the expression of both tumor suppressors in U87-PDGF cells, although no significant changes in miR-21-expression levels have been detected. These observations suggest that the effect of PDGF-B on miRNA expression varies according to the type of target cell and genetic background. However, since we were not able to completely silence PTEN and p53 in U87-PDGF cells, at least partially due to the reduced number of cells that internalizes the fluorescently labeled siRNAs, future studies should involve the development of PTEN/p53-null U87-PDGF cells to fully elucidate the role of these tumor suppressors in PDGF-related miRNA modulation.
Studies from Hata's group may provide a clue to clarify the mechanisms by which PDGF-B promotes miR-21 downregulation in U87-PDGF cells. Transforming growth factor beta (TGF-b) and BMP were shown to trigger vSMC differentiation to a more contractile phenotype by SMAD-mediated increase in miR-21 expression (62). Moreover, by inducing miR-24, PDGF-B was shown to reduce the expression of SMAD proteins and decrease bone morphogenic protein (BMP) and TGF-b signaling, thus promoting a synthetic phenotype in vSMCs (63) . Therefore, by antagonizing TGF-b, PDGF-B was able to modulate the levels of miR-21 in vSMCs. It is possible that such a mechanism can also be occurring in U87-PDGF cells. Another explanation for the observed reduction in miR-21 levels relies on the existence of miRNA 'sponge' modulators (64), which include both mRNAs and noncoding RNAs. Depending on their expression levels and on the total number of functional miRNA-binding sites, 'sponge' modulators can decrease the number of free miRNA molecules available to repress other functional targets (64) . Therefore, it is reasonable to assume that by activating several signaling pathways, including Ras and ERK1/2 (65), PDGF-B could be modulating a network of genes that would ultimately result in the overexpression of a miR-21 'sponge' and consequent decrease in miR-21 levels.
In summary, our findings provide new insights into the PDGF signaling in brain tumors and implicate ncRNAs in the PDGF-mediated regulation of tumorigenesis, which can be of great importance for the development of targeted anticancer therapies towards the highly heterogeneous GBM multiforme.
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MATERIALS AND METHODS
Materials
Pifithrin-a was acquired from Sigma (Munich, Germany) and stock solutions were prepared in DMSO (Sigma) and used within a 3-day period. The anti-PDGF-B siRNA and a noncoding sequence were acquired from Ambion (Austin, TX, USA). The anti-PTEN siRNA and a noncoding sequence were kindly donated by GenePharma (Shangai, China). The plasmids pcDNA3.1-miR-21 and pCMV-PL were obtained from Addgene (Cambridge, MA, USA). The locked nucleic acid (LNA)-modified anti-miR-21 oligonucleotides and a noncoding (scrambled) sequence were acquired from Exiqon (Vedbaek, Denmark). Digoxigenin-labeled LNA detection probes for miR-21, scrambled control and U6snRNA were also acquired from Exiqon. All sequences are displayed in Supplementary Material, Table S3 . Custom-designed miRNA PCR plates (Pick&Mix miRNA PCR panels) were acquired from Exiqon. Total RNA from adult human brain was acquired from Clontech (Mountain View, CA, USA). All other reagents were obtained from Sigma unless stated otherwise.
Cell lines and culturing conditions
Double-floxed (PTEN 2/2 p53 2/2 ) (MGPP1) and PTEN-floxed (PTEN 2/2 ) mouse GBM cell lines overexpressing PDGF-B (PDGF-B +/+ ) were derived from established mouse GBM models and maintained in culture, as described previously (36) . The F98 rat glioma cell line was kindly donated by Dr Hélène Elleaume (European Synchrotron Radiation Facility, Grenoble, France). The GL261 mouse glioma cell line was kindly donated by Dr Perez-Castillo (Universidad Autónoma de Madrid, Madrid, Spain). The U87 human GBM cell line was obtained from the American Type Culture Collection (Manassas, VA, USA). Glioma cell lines were maintained in DMEM (Invitrogen, Carlsbad, CA, USA), supplemented with 10% heat-inactivated FBS (Gibco, Paisley, Scotland), 100 U/ml penicillin (Sigma), 100 mg/ml streptomycin (Sigma) and cultured at 378C under a humidified atmosphere containing 5% CO 2 . An undifferentiated P19 embryonal carcinoma cell line, kindly donated by Dr Richard Cerione (Cornell University, NY, USA), was maintained in alpha minimum essential medium (Gibco); supplements and growth conditions were similar to those used for glioma cells. Primary rat cortical astrocyte cultures were prepared from the cerebral cortices of newborn pups according to the established protocols (66) . Cell plating densities for all our experiments are indicated in Supplementary Material, Methods.
Cell line production and PDGF concentration measurement
A modified U87 cell line overexpressing PDGF-B (U87-PDGF) was derived from U87 cells after infection with a previously described PDGF-B retrovirus (25) . Briefly, a 0.8 kb fragment encoding PDGF-B-hemagglutinin (HA) was ligated into the MCS1 region of the retroviral vector PQ-MCS1-IRES-eGFP. U87 cells infected with the same retroviral vector but without the PDGF-B-HA construct were used as a control. Cell lines were maintained in culture as described above for glioma cells. Cells plated onto 10 cm culture dishes at 90% confluency were incubated for 48 h in serum-free basal media. PDGF-B determination was performed in the conditioned media via ELISA (R&D Systems, Minneapolis, MN, USA). Parental U87 conditioned media had undetectable levels of PDGF-B, while U87-PDGF conditioned media had a mean concentration of 353 ng/ml. We have previously shown that the U87 cell line does not secrete significant levels of PDGF-A (25) .
Cell transfection
For siRNA and plasmid transfection, complexes with siRNAs and Lipofectamine RNAiMax or DNA with Lipofectamine 2000 (respectively) (Invitrogen) were prepared following the manufacturer's instructions and added to cells, maintained in OptiMEM medium (Gibco), at a final concentration of 50/100 nM siRNA or 1 mg plasmid/100.000 cells. After 4 h incubation, cells were washed with phosphate buffered saline and further cultured in fresh DMEM medium for 24 (anti-PDGF-B siRNA transfection) or 48 h (anti-PTEN siRNA or plasmid transfection), before RNA extraction. Anti-miR-21 oligonucleotide transfection followed a similar procedure but lipoplexes were prepared with DLS liposomes, as described by Trabulo et al. (67) . This formulation has already shown a great efficacy in delivering single-stranded oligonucleotides into cultured cells.
Cell viability
Cell viability was evaluated by a modified Alamar blue assay, as described previously (68) . Briefly, 1 ml of 10% (v/v) Alamar blue dye in complete DMEM medium was added to each well and cells were incubated at 378C until the development of a pink coloration. Two hundred microliters of supernatant were collected from each well, transferred to 96-well plates and the absorbance at 570 and 600 nm was measured in a microplate reader (SpectraMaz Plus 384, Molecular devices). Cell viability was calculated as a percentage of control cells using the formula: (A 570 2 A 600 ) of treated cells × 100/(A 570 2 A 600 ) of control cells.
RNA extraction and cDNA synthesis in cultured cells
Total RNA from cultured cells was extracted using the miRCURY RNA extraction kit (Exiqon). After RNA quantification, different transcription protocols were performed depending on the type of RNA to be determined by qPCR.
For miRNA quantification, cDNA conversion was performed using the Universal cDNA synthesis kit (Exiqon). For each sample, cDNA was produced from 25 ng of total RNA (10 ng for the miRNA PCR panel assay) in an iQ5 thermocycler, by applying the following protocol: 60 min at 428C and 5 min at 958C. The cDNA was further diluted 1:60 (1:100 for the miRNA PCR panel assay) with RNase-free water prior to quantification by qPCR.
For mRNA quantification, cDNA conversion was performed using the iScript TM cDNA synthesis kit (Bio-Rad). For each sample, cDNA was produced from 1 mg of total RNA in an iQ5 thermocycler, by applying the following protocol: 5 min at 258C, 30 min at 428C and 5 min at 858C. The cDNA was further diluted 1:3 with RNase-free water prior to quantification by qPCR.
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QPCR quantification of miRNA expression
MiRNA quantification in cultured cells was performed in an iQ5 thermocycler using 96-well microtitre plates and the SYBR w Green master mix (Exiqon). The primers for the target miRNAs (miR-128, miR-21 and miR-221) and the references U6snRNA, snord44 and snord110 were also acquired from Exiqon. A master mix was prepared for each primer set, containing a fixed volume of SYBR Green master mix and the appropriate amount of each primer to yield a final concentration of 150 nM. For each reaction, performed in duplicate, 12 ml of master mix were added to 8 ml of template cDNA. Reaction conditions consisted of enzyme activation and well-factor determination at 958C for 10 min followed by 40 cycles at 958C for 10 s (denaturation) and 60 s at 608C (annealing and elongation). The melting curve protocol started immediately after and consisted of 1 min heating at 558C followed by eighty 10 s steps, with 0.58C increase in temperature at each step. The threshold values for threshold cycle determination (C t ) were generated automatically by the iQ5 Optical System Software. Relative miRNA levels were determined following the Pfaffl method for the relative miRNA quantification in the presence of target and reference genes with different amplification efficiencies (69) . The amplification efficiency for each target or reference gene was determined according to the formula: E ¼ 10
, where S is the slope of the standard curve obtained for each gene.
QPCR quantification of mRNA expression
MRNA quantification in cultured cells was performed in an iQ5 thermocycler using 96-well microtitre plates and the iQ TM SYBR w Green supermix kit (Bio-Rad). The primers for the target genes (PDGF-BB, PTEN) and the reference gene (HPRT1) were pre-designed by Qiagen. A master mix was prepared for each primer set, containing a fixed volume of SYBR Green master mix, water and the appropriate amount of each primer to yield a final concentration of 150 nM. For each reaction, performed in duplicate, 20 ml of master mix were added to 5 ml of template cDNA. The reaction conditions consisted of enzyme activation and well-factor determination at 958C for 1 and 30 s followed by 40 cycles at 958C for 10 s (denaturation), 30 s at 558C (annealing) and 30 s at 728C (elongation). The melting curve protocol consisted of 1 min heating at 558C followed by eighty 10 s steps, with 0.58C increase in temperature at each step. The percentage of PDGF-BB knockdown was determined following the Pfaffl method for relative mRNA quantification in the presence of target and reference genes with different amplification efficiencies (69) .
MiRNA PCR panels
MiRNA quantification using the 96-well miRNA PCR plates (Exiqon) was performed in an iQ5 thermocycler using the SYBR w Green master mix (Exiqon). The primers for the target miRNAs and the references are displayed in Supplementary Material, Table S2 . A master mix was prepared for each sample, containing equal volumes (1:1) of SYBR Green master mix and diluted cDNA. For each reaction, performed in duplicate, 10 ml of master mix were added per well. Reaction conditions and melting curve protocol were similar to those described for qPCR quantification of miRNA expression. The threshold values for threshold cycle determination (C t ) were generated automatically by the iQ5 Optical System Software. The GeNorm module (70) was used to determine the most stable reference gene. Relative miRNA levels calculation and statistical analysis were performed using the software qBase Plus software (Biogazelle, Gent, Belgium).
Western blot analysis
Total protein extracts were prepared from cultured U87-PDGF cells homogenized at 48C in lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 50 mM EDTA, 0.5% sodium deoxycholate and 1% Triton X-100) containing a protease inhibitor cocktail (Sigma), 2 mM DTT and 0.1 mM PMSF. The protein content was determined using the Bio-Rad Dc protein assay (Bio-Rad) and 30 mg of total protein were resuspended in a loading buffer (20% glycerol, 10% SDS, 0.1% bromophenol blue), incubated for 5 min at 958C and loaded onto a 10% polyacrylamide gel. After electrophoresis, the proteins were blotted onto a PVDF membrane according to the standard protocols. After blocking in 5% nonfat milk, the membrane was incubated with an anti-PTEN antibody (1:1000) (Cell Signaling, Beverly, MA, USA) overnight at 48C, and with the appropriate alkaline phosphatase-labeled secondary antibody (1:20 000) (Amersham, Uppsala, Sweden) for 2 h at room temperature. Equal protein loading was shown by reprobing the membrane with an anti-a-tubulin antibody (1:10 000) (Sigma) and with the same secondary antibody. The blots were washed several times with saline buffer (TBS/T, 25 mM Tris-HCl, 150 mM NaCl, 0.1% Tween-20), incubated with ECF (alkaline phosphatase substrate; 20 ml of ECF/cm 2 of membrane) for 5 min at room temperature and then subjected to fluorescence detection at 570 nm using a VersaDoc imaging system model 3000 (Bio-Rad). For each membrane, the analysis of band intensity was performed using the Quantity One software (Bio-Rad).
Fluorescence in situ hybridization (FISH) in cultured cells
FISH analysis was performed in cultured adherent cells as described by Pena et al. (71) , with some modifications incorporated from the protocol of Lu et al. (72) . The detailed protocol is described in Supplementary Materials, Methods.
Statistical analysis
All data are presented as means + standard deviation of at least three independent experiments, each performed in triplicate, unless stated otherwise. One-way analysis of variance (ANOVA) combined with the Tukey post-hoc test was used for multiple comparisons in cell culture experiments and considered significant when P , 0.05. Statistical differences are presented at probability levels of P , 0.05, P , 0.01 and P , 0.001. Calculations were performed with standard statistical software (Prism 5, GraphPad, San Diego, CA, USA).
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